Abstract -Mandibular Advancement Devices (MAD) have emerged as an accepted substitute of continuous positive airway pressure for the treatment of mild to moderate sleep apnea-hypopnea syndrome (SAHS). These devices bring the mandible forward and back enlarging the upper airway(s) area avoiding its collapsibility. However, to determine the mechanism of MAD positioning is relatively complex and remains a clinical challenge. If the MAD is not adjusted/titrated correctly, it may not have the desired results, and consequently, a reduced treatment response. Therefore, it is of great interest and importance to provide further data/evidence to the clinician by assessing the characteristics of the clinical response of the MAD titration. In this research, we combine computed tomography images and computational fluid dynamics to understand that the effects that the use of MAD has on the upper airway (UA). To achieve this, 10 patients suffering mild-to-moderate apnea were analyzed using MAD in two different scenarios (mandibular antepulsion and open mouth). The purpose of this study is to determine differences in effectiveness between two positioning of the same mandibular advancement device. For both scenarios the total volume, cross-sectional areas, velocities and pressure of the upper airways were studied and compared with the rest position (without MAD). The methodology used in this study may prove valuable in predicting which SAHS patients will benefit from treatment with oral appliances like MAD and may be also used as a potential clinical procedure to understand its titration and use.
Introduction
Sleep apnea is a sleep disorder caused by to abnormal pauses and/or reduction in breathing activity during sleep. Sleep apnea-hypopnea syndrome (SAHS) is the most common form of this disorder with a percentage of 84% of cases [1] . Usually, the SAHS is provoked by the relaxing of the muscle tone of the collapsible walls of soft tissue at pharyngeal level. This collapsibility of the muscular walls provokes a narrowing of the upper airways (UA), and consequently, a reduction in oxygenation. This reduced oxygenation causes hypoxemia and it can provoke the patient to have neurological and cardiovascular signs and symptoms such as a slower reaction time, reduced concentration ability, daytime fatigue, hypertension, atherosclerosis, changes in behaviour like irascibility, belligerence, moodiness or depression [2, 3] . In some cases, the severity of SAHS may lead to stroke and even heart failure, resulting in an increased prevalence of cardiovascular morbidity and mortality [4] . Alcohol, sedatives and medicines that induce the relaxation of the pharyngeal muscles can increase the chances of airway collapse during the sleep. Therefore, the anatomy of the upper airway (UA) and the fluiddynamics inside it have the biggest role in the SAHS. For moderate or severe sleep apnea, the most common treatment is the use of a continuous positive airway pressure (CPAP) device [20] . CPAP therapy has been proved to be much more effective than other treatments in improving sleep disorders, but some patients find it extremely uncomfortable or do not tolerate CPAP [5] . For this reason, nowadays orthodontists specializing in sleep disorders tend to prescribe a new oral appliance patient-specific therapy based on a rapid maxillary expansion treatment using a Mandibular Advancement Device (MAD) [6] [5] [21] . MAD is a custom-made mouthpiece that can shift the lower jaw forward/back allowing an opening up of the UA and nasal width, thus decreasing the resistance of nasal airflow. It has been known that the movement of the jaw increase the cross-sectional and volume of the UA in subjects with and without SAHS. However, if the opening of the jaw is excessive, the desired results may not be achieved.
In recent years, UA imaging and Computational Fluid Dynamics (CFD) studies have been applied to understand the biomechanical interactions between the jaw, tongue, soft palate and lateral pharyngeal walls and the flow and pressure fields in the UA. Computational fluid dynamics studies have been applied to model the flow field and pressure drop in the UA in SAHS using patient specific geometrical models obtained from medical imaging. These studies have allowed the understanding of the flow characteristics in the UA after a pharyngeal surgery [9] [16] [10] [14] and to determinate treatment response using MAD [15] [12] [13] . In [15] [13] studies combining CFD and medical imaging found a strong correlation between change in airway resistance with and without MAD.
Ten SAHS patients were studied in three different scenarios. For each subject/scenario, a rigid geometry model was obtained from three-dimensional computed tomography (CT) image data, transformed into three-dimensional computational model (computational mesh) and analyzed through CFD. For each subject/scenario the total AU volume and pressure were analyzed. The present work aims to contribute towards the importance of MAD's influence in the UA physiology using CFD and medical images.
Materials and Methods

Participants and Setting
A total of 10 patients with mild-to-moderate sleep apnea-hypopnea index (AHI) <30 h-1 were recruited to participate in this study. The average age of the 10 patients was 50 years ±16 (means ± standard deviation), and their average body mass index (BMI ± kg/m2) was 26.1 ± 3.0. All the patients were volunteers and provided written informed consent for this study. ICBES 158-3
Upper Airway Modelling, CT Scan and Meshing
For the medical image acquisition, a Multidetector Helicoidal Computed Tomography (MDCT) Toshiba Aquilion 64 (Toshiba Medical Systems, Japan) was used with the following parameters: 512x512x491, pixel spacing: 0.468/0.468 with a resolution of 2.137 pixels per mm. Scanning was conducted, while the volunteer was awake, in the head first-supine position at the end of expiration. The data was stored in digital imaging and communications in medicine format (DICOM format). The region of interest (ROI) was segmented using the three-dimensional computer-aided design system ITK-SNAP software [7] . The segmented area started at the pharynx (approximately first cervical vertebra) and extended down to the larynx (fourth cervical vertebra). The upper-airway images (pharynx to larynx) were segmented from DICOM images combining two different segmentation procedures: thresholding and the level set methods. After upper airway segmentation, a 3D volume image is obtained, which is useful to create a 3D computational model to analyze the flow behavior inside the upper airway using computational fluid dynamics (CFD).
For the 30 acquisitions, the same medical image protocol, image processing and volume mesh technique were used. Figure 2 shows the upper airway workflow process, from medical image to the 3D computational model. 
Computational Fluid Dynamics
CFD analysis was performed using Tdyn [8] . Tdyn is an environment for computational fluid-dynamics, multi-physics simulation, and fluid-structure interaction calculations, based on the leading stabilized finite element method (FIC-FEM). Based on [10] [11] [17] [18] [20] we decided to use a Reynolds-Averaged Navier-Stokes (RANS) k-w model. These works show that the k-ω model is appropriate for upper airway flows and can accurate predict pressure drops and velocity profiles. Flow was assumed to be homogeneous, incompressible, adiabatic and Newtonian. The assumption of incompressible flow is justified since the velocities achieved are small compared with the speed of sound in air which corresponds to a low Mach number. A no-slip condition (pharynx rigid model wall) was imposed on the surface of the UA (i.e., the velocity on the wall was zero). This choice is motivated by the fact that the physiological parameters characterizing the mechanical behaviour (muscular tone) of the UA wall are not well determinate. The outlet boundary condition was settled to 0 atm of pressure at the larynx. The exact the same boundary conditions were applied for all the situations.
Results
For the three scenarios the UA total volume, cross-sectional areas and pressure values were studied and compared. Pressure are obtained at any point of the fluid domain.
UA Total Volume
The data are tested for normality by using the Shapiro-Wilk W test. It is found that UA total volume for each scenario are normally distributed (S1 (W=0.90), S2 (W=0.90) and S3 (W=0.96)). The null-hypothesis of Shapiro-Wilk test is that the population is normally distributed, and if W is close to 1, then the null-hypothesis cannot be rejected. The Shapiro-Wilk test is a statistical test to check the normality for a small data set, as it is in our study (10 patients for scenario). Having checked the normality distribution, we can compute the Pearson correlation coefficient (PCC). The PCC is a measure of the linear correlation between two datasets, in our case we correlate the total UA volume between S1 and S2 scenarios and between S1 and S3 scenarios obtaining the following values 0.20 and 0.28 respectively. Those values indicate a positive linear correlation of the UA volume between S1 and S2/S3 scenarios, which means that the volume increase for S2 and S3 scenarios. The statistical analysis was performed using the Python libraries, SciPy and Seaborn [19] with a significance level of 0.05.
After checking that the MAD device increases the total UA volume, and with the objective to analyze how it affects the airway anatomy, the full domain was divided in three different domains: velopharynx, oropharynx and hypopharyngeal. For each scenario/domain the volume and the aspect ratio were calculated. For the velopharynx domain the S2 and S3 mean values increases against to S1, the mean UA volume aspect ratio obtained was S2/S1 = 2.01 and S3/S1 = 1.20. For the oropharynx and hypopharyngeal domains, the mean values also increase on a smaller scale, for the oropharynx domain the mean UA volume aspect ratio was S2/S1 = 1.95 and S3/S1 = 1.35; and for the hypopharyngeal domain was S2/S1 = 1.04 and S3/S1 = 1.10. These results suggest that the MAD in S2 and S3 configurations increase the UA total volume in the velopharynx, where usually the clinical surgical of SAHS are performed. It seems that scenario S2 increase higher the total volume in the velopharynx than S3 scenario. 
Pressure and Area Cross Sectional Values
The general behaviour observed for all scenarios was that an abrupt pressure drop, and flow acceleration occur in bottom areas of the velopharynx domain (or top areas of the oropharynx), where the narrowest areas is. Usually patients with SAHS have a velopharyngeal constriction and that increased the influence of the velopharynx on the total pressure drop across the pharynx. Downstream of velopharynx domain the velocity decelerated, and pressure keeps more stable. The pressure and velocity of airflow in the oropharynx and hypopharynx were relatively constant. After MAD implantations (S2 and S3 scenarios), the pressure drop is less abrupt and flow decelerated significantly in the bottom areas of the velopharynx. With the objective to compare the MAD performance the mean pressure drop and the area have been analysed into a 25 crosssectional planes along the pharynx (figure 5). Sections 1 to 8 correspond to the velopharynx domain, sections 9 to 16 correspond to oropharynx domain, and sections 17 to 25 correspond to hypopharyngeal domain. A mean accumulated pressure drop ( 2/ 1 and 3/ 1 ) and mean accumulated area indexes ( 2/ 1 and 3/ 1 ) have been defined for each i-cross sectional plane. The pressure and area indexes indicate the accumulated pressure drop and the mean area gain or loss of the i-cross sectional plane considering scenario S1 as a reference. Thanks these indicators, we can correlate the area and the mean pressure drop values with and without MAD for each cross sectional plane along the pharynx.
Area Index
The area indexes _ 2/ 1 and _ 3/ 1 are calculated following these equations: 
ICBES 158-5
where _ 2/ 1 and _ 3/ 1 are the mean area value of i-cross sectional plane of scenario S2 or S3 against scenario S1 for the 25 different sections of the 10 patients analysed. , 1 , , 2 and , 3 are the i-cross sectional area for the j-subject of scenarios S1, S2 and S3, respectively, j is number of the patient (total patient number, 10) and i is the number of the crosssectional planes of the UA (total cross sectional planes, 25). , 1 , , 2 and , 3 are obtained directly from the 3D segmentation image. _ 2/ 1 and _ 3/ 1 indexes indicate the mean area gain (area index > 1) or loss (area index < 1) for the scenarios S2 and S3 (with MAD) related to scenario S1 (without MAD) (Figure 4) . Figure 4 suggests that the MAD increases the total i-cross sectional areas for S2 and S3 scenarios, and particularly in the velopharynx domain, areas candidate to the collapsibility. In S2 configuration the mean area increment for the 10 patients is de approximately 2.5 more, and in S3 the 2. In the hypopharyngeal and in the oropharynx areas there are minimal changes.
Pressure Index
With the objective to understand how MAD positioning affect to the pressure distribution, we have defined a pressure drop band using the high and low pressure values taking as S1 scenario as reference and we have calculated the mean accumulated pressure drop value of i-cross sectional plane of scenario S2 or S3 against scenario S1 ( 2/ 1 and 3/ 1 ) as: where , 1 , , 2 and , 3 are the i-cross sectional mean pressure for the j-patient of scenarios S1, S2 and S3, respectively. j is number of the patient (total j-patient number, 10) and i is the number of the cross-sectional planes of the UA (total i-cross sectional planes, 25). 
where A i_Si is the area of the i-cross sectional plane, and is the pressure measured at each point of the i-cross sectional plane obtained from the CFD.
ICBES 158-6 The pressure drops gradually just before bottom of the velopharynx, where an abrupt pressure change occurs, them the pressure drops again gradually toward the lower oropharynx and hypopharyngeal. We observed that for both configurations the pressure drop decreases, and even there is a common area between S2 and S3 configurations, the mean pressure band indicates that the pressure drop is less abrupt in scenarios S2. Scenario S2 prompts a more uniform pressure distribution avoiding huge pressure changes along the pharynx. This reduction of the pressure drop indicates an improvement in breathing, avoiding apnea episodes. Physiologically, scenario S2 (close mouth or mandibular antepulsion) induces better performance of MAD. For both scenarios (S2 and S3), less pressure difference is required to produce the same tidal volume, implying that the resistance of the airway decreased and less breathing effort is required. Next figure (Fig.5) shows the pressure distribution in the three scenarios for the same patient using a fixed pressure scale. For the pressure scale, we have used the maximum and minimum pressures reached in S1 scenario. The pressure profiles for S1 scenario is characterized by one or two pressure drops, one in the bottom area of the velopharynx and one in the top area of the hypopharynx, whereas for the S2 and S3 scenarios, the pressure profiles were characterized by only one main pressure drop in the bottom area of the velopharynx. 
Conclusion
This study helps us investigate the influence of an oral appliance like MAD in the treatment for SAHS combining functional medical image and CFD techniques. The image processing techniques allow us to obtain the geometrical model of the UA for the three scenarios and prove how a MAD induces changes in the structure of the upper airway. It is well known that high pressures in the UA provoke apnoea episodes, therefore decreasing the pressure drop will avoid those episodes, improving breathing and oxygenation during sleep. The most critical area in the UA is the velopharynx area. This restricted area directly induces a jet flow increasing the air velocity and pressure drop. Analyzing the results, we observe that when using a MAD, the volume increases considerably in the areas where the collapsibility is higher (velopharynx) . The CFD analysis also shows the fluid characteristics in the UA are altered toward a shape that is less prone to collapse, the pressure decreases in the whole domain when MAD is used, (one of the desired effects). And even if, the pressure drop decreases in both positions, close mouth appears be more effective than open mouth. In order to quantify these effects, we have defined four indicators: two pressure indicators PS2/S1 and PS3/S1 and two area indicators AS2/S1 and AS3/S1. In this study, the UA models have been generated and analysed in the same manner and the normality was checked. To corroborate this preliminary conclusion, close mouth works better than open mouth, a larger cohort of patients would be needed.
Although we found a strong correlation in our data with MAD treatment outcome, there are some limitations to the work. The complexity of the problem is of such magnitude that some simplifications in the modelling approach had to be adopted. The effect of the compliance of the pharynx wall has not been considered, due to the non-possibility to measure the external pressure induced/triggered by the muscular tone and the wall properties of the UA for each patient during sleep. These simplifications were adopted to reduce the complexity of the problem, since our main focus was to study the anatomical and physiological changes induced by using MAD treatment in different scenarios. Future research will consider the interaction with the pharynx wall to simulate how the walls are attracted towards where velocity is concentrated, as well as, take into account the external pressure. However, we believe our initial findings to be encouraging for a potential clinical methodology for SAHS treatment, and therefore an attractive method to model a likely treatment outcome with MAD in patient-specific airway geometry before the final implementation of the device.
